UMOR size is one of the major determinants of hearing preservation after surgery for vestibular schwannoma. 4, 10 In 1995, the Committee on Hearing and Equilibrium of the AAO-HNS published guidelines to make uniform the measurement of vestibular schwannomas. The committee recommended that size be calculated as the square root of the product of 2 perpendicular maximum diameters using axial computed tomography or MR imaging, with one maximum diameter taken parallel to the petrous ridge and the other at a right angle to this. 5 The intracanalicular component of the tumor was to be excluded (Fig. 1) . The guidelines were based on the supposition that tumor size in the axial plane was most likely to account for those factors that determine the results of treatment: namely, the degree of cochlear and facial nerve stretch and the severity of brainstem compression. Involvement of the internal auditory canal by tumor was to be reported separately.
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A recent metaanalysis of 11 articles examined the impact of tumor size on hearing and facial nerve outcome with the middle fossa approach. 11 The metaanalysis demonstrated that if the AAO-HNS guidelines were used, tumors Ͼ 10 mm had a significantly smaller likelihood of a good hearing outcome than intracanalicular tumors or tumors with a 1-9 mm extracanalicular component. In those studies incorporating the intracanalicular component into the measurement of largest diameter, no significant difference in hearing outcome was observed between size categories.
These results support the validity of the AAO-HNS guidelines and suggest that a tumor within the internal acoustic canal has a different relationship to postoperative hearing outcome than a tumor that is free to expand within the CPA. In the present study, we proposed to examine the hypothesis that, in adult patients with serviceable hearing who undergo microsurgical resection of a vestibular schwannoma, the major determinant of hearing outcome is the length of contact between the cochlear nerve and the vestibular schwannoma, or the degree of cochlear nerve stretch imparted by the tumor, as suggested originally by the AAO-HNS guidelines. The extracanalicular and intracanalicular lengths of contact were investigated as separate variables in an attempt to determine if 2 different relationships were in fact present.
Clinical Material and Methods
Patients were retrospectively identified by review of surgical records. Those who underwent gross-total resection of a vestibular schwannoma using a hearing-preserving approach (middle fossa or retrosigmoid craniotomy) between January 2001 and December 2005 at our institution were considered for inclusion. Patients were excluded if they did not have AAO-HNS Class A or B hearing preoperatively, if neither a preoperative contrast-enhanced axial computed tomography scan nor a preoperative MR image was available, or if 6-week postoperative audiometry was not performed or the results were not available. In all cases surgery was performed by a team consisting of the same neurosurgeon (R.A.) and neurotologist (B.D.W.), and intraoperative electrophysiological monitoring was performed by a neurophysiologist (C.D.) with BAEPs and/or cochlear nerve action potentials, motor evoked potentials of the facial nerve, and free-running and stimulus-triggered facial electromyography. Baseline BAEPs were obtained the day before surgery and included measurement of the V-I amplitude ratio, the I-V interpeak latency, and the interaural I-V interpeak latency difference. Preoperative hearing was classified as either AAO-HNS Class A or AAO-HNS Class B based on preoperative speech reception thresholds and speech discrimination scores. Postoperative hearing was measured 6 weeks after surgery and for the purpose of the study was classified as either serviceable (Class A or B) or nonserviceable (Class C or D).
The length of contact between the vestibular schwannoma and the cochlear nerve was estimated on the basis of the most recent preoperative imaging studies available. In the vast majority of cases, a FIESTA sequence MR imaging study was used. All measurements were made by the same investigator (R.Y.). Standard DICOM imaging software was used to size a best-fit circle to the anterior margin of the cerebellopontine component of the tumor, where we assumed the cochlear nerve was most likely to be situated (Fig. 2) . The REZ of the CN VII and VIII complex of the contralateral side was then used to estimate the position of the complex relative to the brainstem on the ipsilateral side. The arc length between the estimated REZ and the anterior lip of the porus acusticus was calculated according to the formula:
where L EC is the extracanalicular length of contact between cochlear nerve and tumor, r is the radius of the best-fit circle, and is the angle of arc in degrees. The length of contact between cochlear nerve and tumor in the internal acoustic canal L IC was measured by calculating the length of tumor in contact with the anterior margin of the internal acoustic canal. The total length of contact between tumor and cochlear nerve L was the sum of L EC and L IC . All tumors were also measured using the AAO-HNS guidelines.
Logistic regression analysis (S-Plus 2000 software, Insightful Corp.) was performed with postoperative hearing as the dependent variable. For the purpose of analysis, AAO-HNS Class A or B hearing was deemed useful and assigned a value of 1, and AAO-HNS Class C or D hearing was deemed not useful and assigned a value of 0. On the assumption that hearing cannot improve as tumors grow larger, one-tailed tests of significance were used. Multivariate analysis was performed using forward and backward stepwise logistic regression.
Results
Thirty-one patients were included in the study, ranging in age from 24 to 60 years (median age 44 years). Thirteen patients (42%) were male. Eighteen patients (58%) had AAO-HNS Class A hearing preoperatively and the remainder had class B hearing. Extracanalicular tumor size ranged from 0 mm (intracanalicular tumor) to 47 mm according to AAO-HNS guidelines. Length of contact between tumor and the cochlear nerve ranged from 4 to 18 mm for the intracanalicular component (L IC ), 0 to 31.5 mm for the extracanalicular component (L EC ), and 8 to 46.5 mm total (L). In 8 patients (26%) serviceable (Class A or B) hearing was preserved (Table 1) .
Univariate analysis using one-tailed logistic regression revealed that L EC (p = 0.0365) and preoperative hearing class (p = 0.028) were predictive of hearing outcome, whereas L IC (p = 0.4285) was not ( Table 2 ). Both L (p = 0.053) and AAO-HNS average maximum diameter (p = 0.0505) tended toward being predictive of hearing outcome. Among the preoperative BAEP variables calculated, only the I-V interpeak latency (p = 0.021) and interaural I-V interpeak latency difference (p = 0.018) were predictive of hearing outcome.
Using multivariate analysis, L EC (p = 0.041) and preoperative hearing class (p = 0.0235) remained the only variables that independently predicted hearing outcome. The preoperative BAEP variables that were predictive in the univari- ate analysis were found to covary with preoperative hearing class and could not be maintained in the final equation. Preoperative AAO-HNS hearing class was chosen arbitrarily among these variables to remain in the probability function, as it is the most readily measurable.
Based on the multivariate analysis, a probability function was formulated to allow determination of the exact probability of hearing preservation based on L EC and the patient's preoperative hearing class:
where z is the probability of hearing preservation, t is the preoperative hearing class (A = 1, B = 0), r is the radius of the best-fit circle, and is the angle of arc in degrees. According to the model, a patient with Class A hearing preoperatively and an intracanalicular tumor has an 83% probability of hearing preservation. The probability decreases to Ͻ 5% when L EC is Ͼ 30 mm. For a patient with Class B hearing and an intracanalicular tumor, the probability of hearing preservation is 26% and becomes Ͻ 5% when L EC is Ͼ 12 mm. Figure 3 illustrates the probability function graphically.
Discussion
Standardized methods of accurately and reliably reporting vestibular schwannoma size are required. To this end, the Committee on Hearing and Equilibrium of the AAO-HNS established guidelines to facilitate comparisons between studies, ultimately to facilitate better future metaanalyses. 5 These guidelines for lesion size measurement have yet to be validated as predictive of hearing preservation after vestibular schwannoma microsurgical resection, and arguably do not have an intuitive correlation with actual anatomical or physiological relationships between vestibular schwannomas and the cochlear nerve that would impact hearing preservation rates.
The extracanalicular length of contact between the cochlear nerve and a vestibular schwannoma-a measure of cochlear nerve stretch or extension-is a better determinant of hearing outcome after vestibular schwannoma surgery than tumor diameter. With standard, widely available image viewing software, this length can be estimated by calculating the arc length between the CN VII and VIII REZ and the anterior lip of the porus acousticus using a circle sized to approximate the shape of the extracanalicular component of the tumor. In smaller tumors, the CN VII and VIII REZ can often be directly identified, especially using a FIESTA sequence MR image obtained through the CPA. In larger tumors with significant brainstem distortion, however, we used the CN VII and VIII REZ on the contralateral side as a guide to estimate the location of the REZ on the ipsilateral side. We acknowledge that this is a limitation of our technique. The assumption that the cochlear nerve is displaced by the anterior border of the tumor is supported by anatomical studies. 9 Given that the extracanalicular component is being estimated with the tumor as a sphere, the distance between 2 points is very similar even if the course of the nerve is slightly deflected superiorly or inferiorly on the surface of the tumor. In irregularly shaped tumors, the minimum and maximum diameters of the extracanalicular component can be used to generate 2 bestfit circles, from which minimum and maximum possible lengths of contact can be calculated. In this manner, the magnitude of error can be estimated on a case-by-case basis.
The AAO-HNS guidelines state that only the extracanalicular average maximum diameter should be reported quantitatively and that "tumors limited to the internal auditory canal should be reported as 'intracanalicular tumors'." 5 Indeed, metaanalysis has illustrated how incorporating the intracanalicular component into the diameter measurement can blunt the predictive value of the measurement, hampering statistical power. 11 Given the osseous confines of the internal auditory canal and the potentially expansile space of the CPA, it stands to reason that the relationship between the surgical risk of cochlear nerve injury and size of tumor in these 2 compartments is different. Within the CPA, where the nerve becomes stretched and thinned over the surface of the tumor, linear changes in the length of contact between the tumor and the cochlear nerve as measured on z = e (Ϫ1.0585869ϩ2.6732491tϪ0.002646244r)
, t = {0,1} 1ϩe (Ϫ1.0585869ϩ2.6732491tϪ0.00264624r an axial image would correlate in reality with exponential increases in the surface area of contact. In contrast, linear changes in the length of nerve-tumor contact within the internal acoustic canal should correlate only with linear changes in the surface area of contact. Thus, changes in the measured size of the extracanalicular component are likely to have a much greater impact on the amount of dissection required to free the cochlear nerve-and therefore, a greater impact on the intraoperative risk of cochlear nerve injurythan changes in the size of the intracanalicular component. At least 1 author has noted, however, that small tumors with intracanalicular components Յ 7 mm in diameter have a significantly greater rate of hearing preservation than small tumors with intracanalicular components Ն 8 mm in diameter. 4 This may be because dissection of the cochlear nerve is often most difficult at the lip of the porus acusticus. In tumors with large extracanalicular components, the overall degree of stretch on the nerve increases the difficulty of dissection at the porus, but here the influence of L IC on hearing preservation is likely to be overshadowed by the influence of L EC .
In the present study, univariate logistic regression analysis demonstrated that L EC and preoperative hearing class were predictive of hearing outcome. In agreement with the previously described anatomical speculations, L IC was not predictive and, as might be expected, when the 2 component lengths were added together to produce L, this variable had a strong tendency to predict hearing outcome but the correlation was not statistically significant. Additionally, vestibular schwannoma size as measured by the AAO-HNS guidelines had less ability to predict hearing outcome In the multivariate analysis, extracanalicular length of contact and preoperative hearing class were the only 2 variables that independently predicted hearing outcome. The BAEP latency and amplitude variables covaried strongly with preoperative hearing as has been demonstrated previously in the setting of vestibular schwannoma. 3 Quality of preoperative hearing and tumor size have previously been shown to be the 2 most important factors predictive of hearing outcome. 10, 12 Wade and House 13 commented that patients who have Class A hearing preoperatively are the ideal candidates for a hearing conservation approach due to the added buffer against hearing deterioration to nonserviceable levels in the early and late postoperative periods. Our results support this concept. To our knowledge, no authors of previously published articles have attempted to measure the length of contact between the vestibular schwannoma and the cochlear or facial nerve when assessing tumor size. Although length of contact and tumor size (diameter or volume) can never be mutually independent because of the mathematical relationship between a sphere's diameter, circumference, and volume, length of contact may be a better predictor because it incorporates the unique parameter , the angle of arc.
Reported rates of hearing preservation after vestibular schwannoma surgery vary widely in the literature. 2, [6] [7] [8] 10 Together with overall complication and morbidity and mortality rates, hearing outcomes are dependent on surgical team experience and case volume. 1 Furthermore, hearing preservation rates are tempered by institutional referral patterns and the availability of alternative treatment modalities such as radiosurgery. The experiences of single surgical teams consequently tend to have limited relevance in other institutions and healthcare delivery environments. Thus, the utility of reports on single-institution experiences is ultimately greatest for the future patients of the surgeons at those institutions. With this in mind, we developed a probability model specific to our data set that would enable us to calculate an exact risk of hearing loss for any given future patient, demonstrating that any surgeon or institution, even with only a modest number of cases, can develop such a model to assist in counseling patients. At our institution, it remains to be seen how the provision of an exact risk of hearing loss from surgery will affect patients in their decision-making process.
Conclusions
In our study, vestibular schwannomas with estimated greater lengths of contact between the cochlear nerve and the extracanalicular component of the tumor increase a patient's risk of hearing loss after hearing-preservation surgery. Intracanalicular involvement seemed to impart a constant risk of hearing loss, with no additional predictive value in the length of contact between the cochlear nerve and the intracanalicular component of the tumor. Data from a single surgical team experience can be used to generate a probability model capable of predicting the risk of hearing loss for individual future patients. Our findings need to be confirmed with a larger number of patients and by research from other centers with experienced surgical teams. Possible future areas of inquiry using our method include the prognostic significance of length of nerve-tumor contact for the facial nerve. As well, it will be of interest to see if length of nerve-tumor contact is predictive of hearing and facial nerve outcome after radiosurgery.
